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We report for the first time the calculation of Stokes parameters and state-to-state rovibrationally
resolved differential cross sections for the excitation X Zs+(v = 0, N = 1) ~ d II„(v = 0, N =
1) in H2 by electron impact at 25 eV. Comparison with the only available experimental data is
encouraging.
PACS numbers: 34.80.Gs
In the last two decades there have been considerable
experimental and theoretical e6'orts devoted to a better
understanding of the dynamics of electron-impact exci-
tation of atoms with the help of coherence and corre-
lation parameters (CCP) [1—4]. The CCP can be mea-
sured in electron-photon coincidence experiments, where
the emitted radiation from a specially selected ensemble
of atoms or molecules is observed, namely, from those
atoms or molecules that scattered the electrons into a
well defined direction with a well defined energy loss [1,4].
Such an ensemble in general can be characterized by an
alignment tensor ("an electric quadrupole moment" of
its charge distribution) and by an orientation vector ("a
magnetic dipole moment" describing its internal dynami-
cal state) [1—4]. These features of the radiating ensemble
of atoms or molecules manifest themselves in the inten-
sity and polarization characteristics of the emitted radia-
tion, quantitatively in the values of the measured Stokes
parameters [1—4]. The comparison of CCP with theory
is done at the level of complex excitation amplitudes and
their interference, rather than at that of the usual excita-
tion cross sections. Thus, while providing detailed infor-
mation on the target state immediately after the collision,
the CCP constitute a most sensitive test to theoretical
models and approximations. Although the basic theo-
retical framework for the interpretation of an electron-
photon coincidence experiment for motecutes was laid
down by Blum and Jakubowicz (BJ) in 1978 [5], its ap-
plication is still very limited, since only a few such exper-
iments have so far been reported [6—10). McConkey et aL
[9) demonstrated the feasibility of an electron-photon co-
incidence experiment involving rotationally resolved lev-
els, and have reported Stokes parameters for the excita-
tion of the dsll„(v = 0, N = 1) level of H2. In addi-
tion, rovibrationally resolved relative integral cross sec-
tions have been measured recently by Ottinger and Rox
[ll] for the excitation of the call (v = 0, 1, 2, 3, N = 2)
levels of H2. On the theoretical side, however, no calcu-
lated CCP have ever been reported for molecules.
In this Letter we report, for the first time, theoreti-
cal results for Stokes parameters and rovibrationally re-
solved differential cross sections (DCS) of a molecule.
Specifically, we considered the electron-impact excita-
tion of the d II„(ut = 0, Nt = 1) level of Hq from
the X Z+(vo = 0, No = 1) level at the incident energy
Ep —25 eV, where our theoretical results can be com-
pared with the experimental data of McConkey et al. [9].
In what follows, we give a brief description of the for-
malism used, following BJ's notation: A will denote the
component of the electronic angular momentum along
the molecular axis, S the molecular spin (with compo-
nent Ms), N the total angular momentum (with compo-
nent M~) of the molecule, v will refer to the vibrational
quantum number, and n to all other quantum numbers.
The subscripts 0 and j. in these quantum numbers will re-
fer to the initial and excited state of the collision process,
respectively. Following B3, we shall describe the relevant
states of H2 via the Hund's case (b) coupling scheme and
we shall use for the molecular states the uncoupled rep-
resentation ~I')= ~nvASM8NM~). If the electron scat-
tering amplitude for the I'p —& I'i process is denoted by
fr, r, , the radiating system will be described by the wave
function ~@) = QM M fr, r, ~l'q), assuming that the
~I q) states with different Ms, and M~, values are de-
generate. In our case, however, due to the possibility of
various values for M~, (for which an isotropic distribu-
tion is assumed), the initial molecular state cannot be
prepared in a given ~I'o) state. Thus the initial molecu-
0031-9007/93/71(11)/1701 (4)$06.00
1993 The American Physical Society
1701
VOLUME 71, NUMBER 11 PHYSICAL REVIEW LETTERS 13 SEPTEMBER 1993
lar state is a mixed (partially coherent) state and then
it must be described by a density operator (or density
matrix) in the form
io 2N 1 ) ll'0) (I'0 I '1 (1)' '+'M-.
As a result of the partially coherent nature of the initial
molecular state, as well as of the unpolarized nature of
the incident electron beam, the excited state will also be
partially coherent, being described by the density opera-
tor:
P i = 2(2N + 1) ). fr, r, fr*', r, lI'i)(1'iI (2)
M~OMPg1M~ mo1V1
with mo referring to the spin projection of the incident
electron. Instead of describing the radiating state by the
abstract density operator, it is convenient to describe it
[1—4] by the average values of a set of tensorial opera-
tors T(1)a-q (K = 0, 1, 2; —K & Q & K) in that state.
These average values (T(l)Rg) are called state multi-
poles. (T(l)pp) is proportional to the rovibrational DCS;
(T(l)iq) are proportional to the spherical components
of the orientation vector which in turn can be defined as
the average total angular momentum (Nq); and (T(l)2q)
are proportional to the spherical components of the align-
ment tensor. In our case these quantities can be given
by the formula [5, 9]
(T(1)AQ) = Tr(P1T(1)R'Q) = ) flMgy 1M~of 1Mgy, 1MNO ( 1)
M~( M~1 M~O
1
( —MN, MN (3)
where fN, MN N, M~ refers to the scattering amplitude
of the excitation process, and we have used Nq —N& ——
Np = 1. These state multipoles describe the excited state
immediately after the collision and can be directly re-
lated to the Stokes parameters which characterize the
emitted radiation. However, while the excitation process
is fast (collision time 10 is sec) compared with the
fine-structure and hyperfine structure relaxation times
( 10 4 and 10 is sec, respectively), the light emission
(lifetime 10 s sec) is not. Then, before the molecule
decays, the spin-orbit coupling and nuclear spin coupling
effects should be considered, resulting in a time depen-
dence (a "beating") of the state multipoles. If the resolu-
tion time of the photon detector is much larger than the
radiative lifetime of the fine and hyperfine levels (which
was assumed to be the case in the experiment of Mc-
Conkey et at. [9]), the observed signal will be a time
average of those quantities. A detailed analysis of these
ili = —0.058(T(l)gi)/D,
q2 ——0.188i(T(1)ii) /D,




where D = 0.555(T(l)00)+0.029(T(l)q2)+0.012(T(1)20).
The diagonal elements of pq give the state-to-state rovi-
bronic DCS for the excitation of the MN, rotational sub-
level which in the present case can be written as
~M~, (e) =
6@ ).IfiM~, iMN. (~)l'."M-.
In the adiabatic-nuclei framework the scattering am-
plitude can be written in t;he form [12,13]
t relaxation processes was presented in Refs. [5,9], with
the following results for the observed Stokes parameters
q, (i = 1, 2, 3):
fNyM~, NOM~ = (vlA1N1MNy I fel(ko) kl~ R) I vpAONOMNO)&1
where f,i(kp, ki', R,) is the fixed-nuclei electronic scat-
tering amplitude, kp(ki) is the momentum of the inci-
dent (scattered) electron, and R =I R, I is a given in-
ternuclear distance. In order to obtain the amplitudes
fN, M~, N, M~, we have calculated f,i(kp, ki, R) using the
distorted wave approximation (DWA) [13,14]. The DWA
has been applied successfully to calculate DCS and Stokes
parameters for electron-impact excitations of a variety of
atoms [1,2,15]. For molecules, although computationally
much simpler than the available multichannel theoretical
methods, the DWA has been shown [14] to give essen-
tially identical numerical results to the Schwinger multi-
channel method at the two-state level of approximation
even at incident energies a few eV above the excitation
threshold. The simplicity of the DWA makes rovibronic
excitation studies computationally feasible and thus it
is suitable as a first theoretical approach for these pro-
cesses. Recently, we have used this approximation to cal-
culate the vibrationally resolved DCS for the excitation
4 iZ+(v = 0, N = 1) ~ dsII„(v = 0, 1, 2, 3) [16], and
rovibrationally resolved integral cross sections for the ex-
citation X Z+(v = 0, N = 1) —+ c II„(v = 0, 1, 2, 3, N =
2) in Hq [17] by electron impact. The numerical pro-
cedure and details of the present DWA calculation are
essentially the same as in Ref. [16] except for some im-
provements in the basis set used. For the rotational wave
functions in Eq. (8) we used a linear combination of sym-
metric top wave functions appropriate for ortho-H2 [18].
After performing the integrations in Eq. (8) we have
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FIG. 1. Stokes parameters gi, rig, and g3 (a)—(c) and polarization (d) for the state d II„(v = 0, N = 1) of H2 excited electron
impact at 25 eV. Solid line, present results; dots with error bars, experimental data from Ref. [9]. The inset in (b) is the Stokes
parameter P3 for the 3 P state of He [19] (see text).
obtained an expression for the scattering amplitudes
f~, M~ ~oM„, in terms of the (v [ Tj~io~o(R) [ vo)
matrix elements, where Tj~,io~o(R) are the partial-wave
components of the electronic DW-transition matrix de-
fined in Eqs. (13) and (14) of Ref. [13].
Figures l(a)—l(d) show the calculated Stokes pararn-
eters and polarization [i.e. , the magnitude of the vec-
tor (rii, riz, res)], along with the experimental data of Mc-
Conkey et al. [9]. The calculated Stokes parameters are
small, and are in general agreement with the measured
values, within the experimental uncertainty. This small-
ness is mainly due to fine and hyperFine structure "beat-
ing" effects, which are known [4] to reduce significantly
the angular anisotropy and the polarizations of the emit-
ted radiation. The experimental values of biz [Fig. 1(b)]
are very small in the covered angular region. Indeed,
McConkey et at. [9] speculated that F2 0 for all an-
gles could be a result of a more fundamental property
of the exchange scattering process. However, our cal-
culation shows that g2 is small but not zero, indicating
that a net transfer of angular momentum perpendicular
to the scattering plane can occur even in the case of a
pure exchange excitation. This analysis reinforces the
conclusion of Cartwright and Csanak [19] for the transi-
tions liS —+ nsP(n = 2 —8) in the He atom. Also, as
observed for rare gases, the net transfer of angular mo-
mentum is positive for small scattering angles. In fact,
there is a striking similarity in shape between our g2 re-
sults and the corresponding values for the 3 P state of
helium [see inset in Fig. 1(b)]. For forward scattering
ris gives the pseudothreshold polarization [20]. Our cal-
culated pseudothreshold polarization [Fig. 1(c)] is 3.1%,
which is nearly the same magnitude as those reported
previously by McConkey et al. (1.5%%uo [21] and 2.5'Fo [9]).
In Fig. 2 we show the magnetic-sublevel-specific rovi-
brationally resolved and total (summed over magnetic
sublevels) differential cross sections for the excitation
X Zs+(vo = O, No —1) —+ d II„(v = 0, N = 1) of Hz
for Eo ——25 eV. Unfortunately, there are no experimen-
tal data to compare with. An interesting feature is that
the forward and backward DCS for magnetic sublevel
with Miv, = 0 vanish. The same behavior is observed
for the iS -+ niP excitations in the helium atom, but
for the magnetic sublevel Ml. = 1 [22]. This can be eas-
ily understood in terms of symmetry considerations [23]
combined with angular momentum conservation laws. It
is interesting to compare the present DCS for the exci-
tation of the d II„of H2 with those of the S —+ n P
transition of helium. The DCS for He (for an incident
energy of 40.1 eV) shown in the inset were calculated us-
ing first-order many-body theory [24]. Again, remarkable
qualitative similarity is observed.
Both the scarceness and the large inaccuracy of the ex-
perimental data severely limit their comparison with the
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FIG. 2. Rovibrationally resolved DCS for the excitation
X'E+(v = O, N = 1) ~ d II„(v = O, N = 1) of H2 by
electron impact at 25 eV. Long-dashed line, present results
for the magnetic sublevel M~, = 0; short-dashed line, same
for the magnetic sublevel M~, = 1; solid line, same for the
total (summed over magnetic sublevel) DCS. Inset: DCS for
the 3 P excitation of He at 40.1 eV [24] (see text).
present results. However, since 1988, significant progress
has been achieved in the understanding of how instru-
mental and other eKects can influence the experimen-
tal determination of coherence and correlation parame-
ters ([2] and references therein). This has enabled a de-
tailed, quantitative, and comprehensive comparison be-
tween atomic experimental data and theoretical predic-
tions. It is hoped that such developments will be applied
also for coincidence experiments with molecular targets
in the near future, then allowing for more consistent tests
of our and other possible future theoretical predictions.
In summary, we have applied the density matrix for-
malism and the DWA to calculate, for the first time,
the Stokes parameters and state-to-state rovibrationally
resolved differential cross sections for a molecule. The
smallness of our calculated Stokes parameters reinforces
the pioneering experimental findings of McConkey et al.
[9]. Unfortunately, there are not yet enough experimental
results that could provide a more consistent analysis.
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